An international comparison of the activity standardisation of the relatively long-lived gamma-ray emitter 151 Sm has been recently completed. A total of six laboratories measured a solution prepared by CEA/LNHB and CEA/LANIE. Aliquots of the master solution were standardized in terms of activity per mass unit by participant laboratories using 2 different techniques. The results of the comparison can be used as the basis for establishing equivalence among the laboratories. The activity measurements of this comparison are part of the joint research project "Metrology for Radioactive Waste Management" of the European Metrology Research Programme (EMRP). One aim of this project is a new determination of the 151 Sm half-life.
Introduction
Samarium-151 is a relatively long-lived nuclide produced by fission during the irradiation of uranium fuel rods in nuclear reactors. It decays by two  disintegrations to 151 Eu. The most intense transition ( 99 %) reaches the 151 Eu ground state with a maximum energy of 76.3 keV, the second one ( 1 %) populates the 151 Eu first exited level with a maximum energy of 54.8 keV. Both transitions are first forbidden.
The currently recommended half-life value of 151 Sm is 90 (6) a, derived from only three experimental values. Therefore, 151 Sm is one of the three nuclides selected with the objective of improving the half-life in the framework of a coordinated research project (ENV09 2013) of the European Metrology Research Programme.
The half-life, T 1/2 , can be determined by the relationship between the activity A and the number N of radioactive atoms in a solution: To date, for this nuclide, no previous comparison of activity concentration was conducted in the frame of EURAMET or of the CCRI(II). Hence, in order to increase the reliability of the activity measurements carried out in this exercise, the participants of the ENV09 project proposed the organisation of an international comparison. It was registered as a EURAMET.RI(II)-S7.Sm-151 Supplementary Comparison, (EURAMET Project 1292).
Participants
Six laboratories participated in the activity measurements: LNE-LNHB (pilot laboratory), CMI, IRMM, POLATOM, PTB and SMÚ. 
Protocol
A technical protocol to be followed for the comparison was agreed between partners; it included an EXCEL file to be completed and recommendations of necessary nuclear data from the NUCLEIDE database.
A decay scheme and full data tables were sent to the participants, including the histogram of the beta spectra calculated as allowed transitions by X. Mougeot (2014) . In June 2014 a measurement of these beta spectra was carried out at LNHB and the validity of an allowed shape was confirmed. This information was sent to the participants.
As already mentioned, the recommended half-life value for starting this exercise was taken as 90 (6) a. The measurement of the mass concentration being planned between May and June, the participants were asked to carry out their activity measurements between April and June, in order to minimize the uncertainty of the decay correction.
The reference data was established as 1 st April 2014, 0:00 UTC.
Preparation of the 151 Sm solution
Within the framework of a research programme on transmutation of long-lived radionuclides undertaken by the French Atomic Energy Commission, targets of highly enriched actinides and fission products were irradiated in the fast neutron reactor Phénix. These experiments named PROFIL-R and M are described in (Isnard et al., 2013) . As a part of these experiments, 5.8 mg of samarium oxide powder enriched in 149 Sm (95.1 %) were irradiated.
After irradiation, the container was opened in a hot cell to remove all the powder. The opening aimed at ensuring a total extraction of the powder and at avoiding any presence of the steel container (Ferlay et al., 2010) . After irradiation around 400 g of 151 Sm had been produced by the nuclear reactions. This irradiated powder was dissolved in a hot cell facility in 14 M HNO 3 in a closed Teflon container (Savillex, USA) at a temperature around 100 °C. Finally, the radioactive solution was supplied to the Isotopic and Elementary Nuclear Analysis Laboratory (CEA-LANIE) to carry out determinations of isotope ratios and concentration for samarium, europium and gadolinium.
To perform these analyses, it was necessary to separate the europium from the samarium and gadolinium in order to prevent isobaric interference. This chemical purification was performed at CEA-LANIE in July 2011 by High Performance Liquid Chromatography (HPLC) using 2-hydroxy-2-methylbutyric acid (HMB) (Bourgeois et al. 2011) . The purified fractions were removed off line and analysed by TIMS and/or ICPMS MC. After these measurements, a 5-mL solution containing about 1.2 µg of 151 Sm in 20 µg of total Sm in 3 mol/L HNO 3 was available for the ENV09 project.
In February 2014, this solution was slowly heated to dryness and sent to LNE-LNHB for the purpose of this comparison. The residue was then dissolved using 5 mol/L HCl and diluted with de-ionized water to reach 1 mol/L HCl. During this step, a suitable amount of carrier was added in order to have a 100 fold excess (in mole fraction) of stable lanthanide compared to 151 Sm knowing that the initial amount of stable samarium only represents a 15 fold excess. For mass spectrometry measurements it was necessary to keep the isotopic composition of samarium unchanged. Thus the carrier element chosen was holmium, another lanthanide with a very similar chemical behavior and heavier than samarium, in order to avoid interferences in the mass spectrum. To reach the 100 fold excess in stable lanthanide, 114 µg of holmium (HoCl 3 , 6 H 2 O) were added during this dissolution step. The solution was shaken and then weighed portions were put into 5-mL standard LNHB ampoules (LMRI-type), pretreated with the holmium carrier solution (10 µg/g Ho in 1 mol/L HCl), which were then flame-sealed. These steps were all performed on March 4 th 2014. Table 2 contains information about the distribution scheme. Around 1 g of solution was sent to each laboratory for radioactivity measurements and 2 g to the mass spectrometry measurement laboratory. For the latter, the amount was sent in 2 ampoules in order to enable additional tests on the final solution. 
Adsorption tests
Several participants included a minor component for adsorption into their uncertainty budget.
At POLATOM, after removing the 151 Sm solution the original ampoule was rinsed twice using 5 mL of distilled water and filled with Ultima Gold scintillator. The water was transferred into 2 vials with Ultima Gold scintillator and left for measurement in the LS counter Tri-Carb 2910 TR.
At PTB, the original ampoule was rinsed with 1 mL water. The water was used to prepare an LS sample. In total three such rinsings were carried out and the sum of activities determined by LSC was about 152 Bq. After that, the empty ampoule was filled with Ultima Gold sealed with an adhesive tape and placed in a sample holder (adapter). The measurement yielded an activity of 162 (81) Bq. Since the first rinsings were done rather quickly, it is not clear whether the effect is really adsorption (or due to the slow dissolving of the dry salt). Thus, no correction was applied, but an uncertainty component was added to take this effect into account.
At IRMM, the original ampoule was rinsed twice with 1 mL 2M HCl and once with 1 mL of water. Both the ampoule body and top were placed in an LSC vial, filled with LS cocktail and counted. The activity measured was less than 0.01 % of the total activity contained in the ampoule and could be due to both adsorbed activity and active solution left over after the rinsing. This amount was not taken into account in the activity calculations, but only included in the uncertainty budget.
Radioactive impurities
The radioactive material was prepared by irradiating a Sm 2 O 3 powder in the Phénix reactor at Marcoule (France). After a first purification in 2011, the solution was analysed at LNE-LNHB by gamma spectrometry for potential impurities. The relative activities of 154 Eu and 155 Eu, compared to those of samarium, were found to be 0.038 % and 0.017 %, respectively. Three years after, the impurities were checked again, and they were found to be 0.033 % ( 154 Eu) and 0.011 % ( 155 Eu).
In addition, the participants in this comparison were asked to check the solution for radioactive impurities after preparation of the ampoules. Gamma spectrometry measurements were conducted and small amounts of 154 Eu and 155 Eu, about 10 -4 relative to 151 Sm, were indeed found. These amounts of impurities were estimated as being negligible for the purpose of the comparison. However, all participants included a small additional component in their uncertainty budgets to take this effect into account.
Weighing and dilutions
All participants measured the original solution without dilution. The balances used as well as their traceability data are presented in Table 3 . The pycnometer method, i.e. weighing of a polyethylene micro-pipette carrying the solution, prior to and after drop deposition for sample preparation, was adopted for all source preparations. 
Measurement methods
All the participants made use of Liquid Scintillation Counting (LSC) for the activity determination. Two of them applied the CIEMAT/NIST efficiency tracing method and the TDCR method (PTB, IRMM), and five the TDCR method only (LNE-LNHB, POLATOM, CMI, SMU, PTB).
In the following, details on the various methods and individual results are presented. The stated uncertainties are standard uncertainties (k = 1).
Liquid scintillation counting -CIEMAT/NIST method
For the CIEMAT/NIST efficiency tracing method commercial counters with two photomultiplier tubes (PMT) were used. Tritium activity standards were employed in all laboratories; PTB used its own 3 H standards (HTO), and IRMM used its own tritiated water standard. Both participants used Ultima Gold as the scintillation cocktail, with IRMM also using Instagel Plus. To stabilize the cocktail, at PTB 0.96 mL of water was added for the glass vial samples and 0.46 mL for the PE-vials. At IRMM part of the counting samples were prepared using 15 mL of Ultima Gold and 1 mL of deionised water and another part of the samples were prepared using 15 mL of InstaGel Plus.
Experimental details are summarized in Table 4 . 
Liquid scintillation counting -TDCR method
The TDCR method was applied at PTB, IRMM, POLATOM, ČMI, SMÚ and LNE-LNHB. All institutes used their custom-built counter systems with 3 PMTs, except SMÚ, where a commercial counter was used. Ultima Gold was selected as scintillation cocktail by PTB, POLATOM, ČMI, SMÚ and IRMM (who also used Instagel Plus). LNE-LNHB preferred Hionic Fluor. All participants used glass vials. PTB also prepared some samples with PE vials and LNHB used diffusive glass. As for CIEMAT/NIST measurements, IRMM and PTB added from 0.5 mL to 1 mL of water to some samples. Experimental details are summarized in Table 5 . 
Results and uncertainties

Results and uncertainties obtained by all methods
The detection efficiency was calculated by using various programs.
PTB used the MICELLE 2 program with kB = 0.0075 cm·MeV -1 for both methods (Kossert et al., 2014) .
IRMM also used the MICELLE 2 program with kB = 0.0075 cm·MeV -1 to derive its TDCR result, and both MICELLE 2 and CN2005 with kB= 0.0075 cm·MeV -1 and kB = 0.0110 cm·MeV POLATOM used the TDCRB-03 program with kB = 0.011 cm·MeV -1 .
ČMI applied the program TRIBA-B which is based on SPEBETA (Cassette, 1992) with kB = 0.012 cm·MeV -1 .
At LNE-LNHB the detection efficiency was calculated with the TDCR model using two different beta spectra: one is the spectrum corresponding to an allowed transition and one is the spectrum given by LNE-LNHB and corresponding to an allowed transition taking into account atomic effects (electron screening and exchange effect). The result reported is the arithmetic mean of the two detection efficiency values, and the standard deviation associated with this calculation was calculated by assuming that these two calculations have the same likelihood and that the results have a uniform distribution between these two extreme. This approach was motivated by the fact that no experimental shape or form factor is available for this radionuclide. The optimum kB value was obtained by varying the detection efficiency using grey filters.
For the calculation of secondary electrons as a result of photon interaction, most participants stated the use of cross sections from the XCOM data base (Berger et al., 2010) .
The participants were also asked to provide details on their uncertainty evaluation. Tables 6 and 7 show the full uncertainty budgets for the LS methods.
The activity concentration determined by all individual methods is listed in Table 8 . Figure 4 shows the same data. 
Final Results
The final results for the activity concentration adopted by each participant are listed in Table 9 and plotted in Figure 2 . Omitting the SMU value, the set of five results is then consistent with a reduced  2 of 2.3, the weighted mean is 78.73 kBq g -1 with an external uncertainty of 0.31 kBq g -1 .
Finally, the power-moderated mean of all six values is 79.0 kBq g -1 , with a relative uncertainty of 0.48 %, i.e. an associated uncertainty of 0.4 kBq g -1 . 
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Comparison reference value and degrees of equivalence
The degree of equivalence (DoE) of a given measurement standard is the degree to which this standard is consistent with the key comparison reference value (KCRV) and is expressed quantitatively in terms of the deviation from the key comparison reference value and the expanded uncertainty of this deviation (k = 2).
However, only CCRI(II) or BIPM key comparisons can define the KCRV values and RMO key comparisons must establish the link to the KCRV and compute the DoE. Supplementary comparisons (as the present one) can compute the DoE with respect to the comparison reference value (CRV), although it is not mandatory (CIPM 2014).
The comparison reference value (CRV)
The proposed comparison reference value of the present EURAMET.RI(II)-S7.Sm-151 Supplementary Comparison has been defined as the power-moderated mean (PMM) of the six final laboratory results. Consequently, the CRV is 79.0 (4) kBq g -1 using the final laboratory results in Table 9 . The stated uncertainty corresponds to the standard uncertainty of the PMM.
Degrees of equivalence
The degree of equivalence of a particular NMI or DI, i, with the CRV is expressed as the difference D i of the activity concentration result a i given in Table 9 with respect to the CRV D i = a i -CRV and the expanded uncertainty (k = 2) of this difference, U i , known as the equivalence uncertainty, also taking into account the correlation between the PMM and each data included in the mean (Pommé, 2012) , hence: Table 10 shows the table of the degrees of equivalence with the CRV. The degrees of equivalence are also illustrated in Figure 3 . 
